The ectomycorrhizal (ECM) symbiosis is the most widespread biotrophic nutritional mode in mushroomforming fungi. ECM fungi include, though are not limited to, about 5000 described species of Agaricales from numerous, independently evolved lineages. Two central hypotheses suggest different explanations for the origin of ECM fungal diversity: (i) dual origins, initially with the Pinaceae in the Jurassic and later with angiosperms during the Late Cretaceous, and (ii) a simultaneous and convergent radiation of ECM lineages in response to cooling climate during the Palaeogene and advancing temperate ECM plant communities. Neither of these hypotheses is supported here. While we demonstrate support for asynchronous origins of ECM Agaricales, the timing of such events appears to have occurred more recently than suggested by the first hypothesis, first during the Cretaceous and later during the Palaeogene. We are also unable to reject models of rate constancy, which suggests that the diversity of ECM Agaricales is not a consequence of convergent rapid radiations following evolutionary transitions from saprotrophic to ECM habits. ECM lineages of Agaricales differ not only in age, but also in rates of diversification and rate of substitution at nuclear ribosomal RNA loci. These results question the biological uniformity of the ECM guild.
INTRODUCTION
Mutualistic associations between organisms impact ecosystems in major ways and perform a central role in the evolution of many diverse groups [1] . The mycorrhizal symbiosis is one such mutualism whereby plants receive mineralized nutrients, increased absorption of water and protection from root parasites in exchange for providing photosynthate to their mycorrhizal fungal partners [2] . Indeed, the symbiosis was important for the colonization of land by plants [2] [3] [4] [5] . The ancestral form of mycorrhizas in plants, the arbuscular mycorrhiza (AM), is evident from 460 million year (Myr) old fossils [3, 6] and is thought to have evolved once among fungi in the phylum Glomeromycota. In contrast, another frequent type of mycorrhizal symbiosis, the ectomycorrhiza (ECM), evolved more recently and independently on numerous occasions in separate lineages of fungi [6, 7] . It has been estimated that around 7750 described fungal species are ECM [8] , making this artificial group considerably more diverse than the AM Glomeromycota, with around 170 described species or an estimated 1000 species [9, 10] . The oldest ECM fossil, however, is only about 55 Myr old [11] , while the Pinaceae, a plant family almost exclusively forming ECM, is much older (about 200 Myr) [12 -14] . This implies that the ECM symbiosis should also be at least 200 Myr old. Unfortunately, the evolutionary history of ECM fungi within a geological timeline is poorly known and fraught with challenges such as a weak fossil record [15 -17] .
The diversity of any group of organisms depends on its age and rate of diversification through time. Niche theory predicts that each species must occupy a separate niche and, assuming a finite niche space, species diversification is expected to slow down through time as various niches are filled. Indeed, decreasing diversification rates have been observed for many groups of animals [18 -20] . In mushroom-forming fungi, the ECM habit is derived from saprotrophic ancestors [7, 21, 22] . If a transition to ECM habit represents a switch to a new niche space followed by a rapid adaptive radiation filling these niches, then analyses of phylogenetic patterns should detect slowdowns in diversification rate after initial bursts of diversification. Transitions from saprotrophy to biotrophy in what are today many large and species-rich ECM clades could then be interpreted as adaptive and support the evolution of the ECM habit as a key innovation or a feature promoting diversification in response to ecological opportunities for fungi. However, other factors, such as geological and climatic changes, may have a larger impact on diversification rates than niche limitations [23] . The Cenozoic encompassed large climatic and vegetation changes with a general cooling trend since the Eocene thermal maximum (approx. 50 Myr ago) [24] . The cooling climate of the Cenozoic has been accompanied by an expansion of temperate ECM plant communities [25] . These changes have resulted in increasing areas of ECM habitats and new environments for ECM fungi to occupy.
Recent genomic comparisons between two deeply unrelated ECM fungi-Laccaria bicolor (Basidiomycota) and Tuber melanosporum (Ascomycota)-have highlighted major differences in genes used to establish and maintain the ECM symbiosis. These differences may suggest that the ECM condition represents a syndrome of variable traits and that ECM fungi share fewer functional similarities in their molecular 'toolboxes' than anticipated [26] . Because such key differences exist, estimates of diversification rates and nucleotide substitution rates of ECM fungi could differ between lineages despite sharing a similar nutritional mode and lifestyle.
The Agaricales is the largest order of Agaricomycetes, with some 13 200 described species [9] , and includes at least 10 ECM lineages that account for more than half of the estimated fungal ECM species diversity [8, 21] . Each of these ECM lineages has been shown to have sister clades that are non-ECM or sister to other ECM lineages nested in otherwise non-ECM clades [21, 27, 28] . This large inclusive group containing multiple unrelated ECM lineages is therefore suitable for testing hypotheses on ECM evolution. Here, we wish to evaluate two hypotheses previously proposed in the literature concerning the origin and diversification of ECM lineages: the first suggests that some fungal ECM lineages began to diversify during the Jurassic, together with the Pinaceae, followed by diversification of additional lineages during the Cretaceous, along with ECM angiosperms [29] . We refer to this as the 'dual origin' hypothesis. In contrast, Bruns et al. [30] suggested that ECM lineages began to diversify simultaneously and more recently, during and after the Late Eocene/Oligocene, when major ECM plant communities expanded during cooling climates. We refer to this second hypothesis as the 'convergent radiation' hypothesis.
Here we produce ultrametric trees for 10 lineages of ECM Agaricales, all within a geological time frame, to test the dual origin and convergent radiation hypotheses. Model-based methods are used to determine whether diversification rates differ between lineages and through time. The gamma statistic [31] is used to test for slowdowns in diversification with respect to simulations. The new programs SUBT and DIVBAYES [32] are used to take into account incomplete taxon sampling when estimating rates of diversification in a Bayesian context. In addition, we use ancestral state reconstruction methods to infer ancestral plant associations (Pinaceae or angiosperm) for each ECM fungal lineage. The dual origin hypothesis predicts that older ECM clades should be ancestrally associated with Pinaceae and that younger ECM clades should be ancestrally associated with angiosperms, whereas the convergent radiation hypothesis should be neutral in this regard.
MATERIAL AND METHODS
(a) Dataset compilation Data matrices for the phylogenetic analyses of each lineage comprised DNA sequences of the internal transcribed spacer (ITS) or the nuclear large subunit (LSU) ribosomal RNA, the most commonly used gene regions in fungal systematics, environmental assays and fungal community studies [33] . We examined lineages of Agaricales considered to be ECM by Tedersoo et al. [7] , with the following exceptions: Lyophyllum was excluded since the genus is not monophyletic [34] , and the trophic status for most species is uncertain; Entoloma was excluded as we were unable to pinpoint any specific clades as ECM in a preliminary analysis; and Phaeocollybia was included as its d 15 N and d 13 C stable isotopic signatures are consistent with a biotrophic habit [35] , and pseudopodia and hyphae from sporocarps have been traced to roots where ECM structures including Hartig nets were formed [36] .
The Web tool EMERENCIA [37, 38] was used to download all ITS sequences available on GenBank associated with Hydnangiaceae, Descolea (including gasteroid allies), Hebelomateae, Tricholoma, Phaeocollybia and Cortinarius, including sequences with and without complete species annotations. Using the same principles as EMERENCIA, LSU sequences for Catathelasma, Hygrophorus, Amanita and Inocybaceae were extracted from GenBank [39] using a local software pipeline written in Perl (script available at http://www.bio.utk.edu/matheny/Site/ Alignments_%26_Data_Sets.html). For Inocybaceae, we also added 119 LSU sequences generated in-house according to protocols described earlier [40, 41] (GenBank accession numbers JN974916-JN975034). Operational taxonomic units (OTUs) were formed for all lineages using single-linkage clustering [42] according to Ryberg & Matheny [43] , based on phylogenetic distances (expected number of substitutions per site) in a tree generated in RAXML [44] (GTR þ G þ invariable sites). Cut-off values for each lineage are given in the electronic supplementary material. One sequence was kept for each OTU while the rest were excluded from the alignment to avoid sequence redundancies. Sequences that were unlikely to belong to the respective lineage were pruned from the alignment following Nilsson et al. [45] . Alignments were constructed in MAFFT [46] using guide trees generated in RAXML [44] according to the algorithm of Ryberg & Matheny [43] . In Amanita, two OTUs forming the sister group to the rest of Amanita were regarded as outgroup taxa, and were excluded from the age and diversification rate estimates, since they are not ECM [7] . The DNA data matrices used for the phylogenetic analysis contained between 7 and 797 taxa (including outgroups) and 675-1526 characters. This represents between 20 and 96 per cent of the estimated number of described species of each lineage [9] (table 1) .
(b) Phylogenetic analyses and lineage ages Chronograms were reconstructed using BEAST v. 1.4.8 [47] . Four separate Markov chain Monte Carlo (MCMC) runs were performed for each lineage. Each chain was run for 60 million generations and sampled every 6000th generation. Models of molecular evolution incorporated six possible transformation rates (GTR). The proportion of invariable sites and four discrete rate categories generated from a G distribution were estimated to accommodate rate heterogeneity. The Yule process was used as a prior on node heights, and an uncorrelated lognormal distribution was used for the relaxed molecular clock. Normally distributed age priors for splits between ingroup and outgroup taxa for each lineage were inferred from age estimates of corresponding splits in the Basidiomycota chronogram of Ryberg & Matheny [43] (TreeBASE : S11162:Tr27334). We evaluated chain stationarity graphically using TRACER v. 1.5 [48] and by comparing split frequencies between runs in AWTY [49] . In the BEAST analyses, 20 million generations were excluded as a burn-in phase. One of the four chains for Inocybaceae was excluded since it had a mean log-likelihood score more than 10 points lower than the others; the rest of the analyses of this lineage are based on three chains. Matrices and consensus trees are available in TreeBASE (http://purl.org/phylo/ treebase/phylows/study/TB2:S11395).
The probability that a lineage originated in a certain time period was determined by the proportion of trees in the posterior distribution that had the crown node within that period. The probability that all lineages originated in a certain time period, and the probability that at least one lineage originated in a certain time period, were calculated assuming independent age estimates between lineages.
(c) Ancestral state reconstruction The plant association (Pinaceae, angiosperm, generalist) of each OTU was derived from metadata provided in GenBank, the study in which the sequences originated or (for OTUs associated with a species name) from the taxonomic literature (e.g. [50] ). Ancestral state reconstruction on the ingroup of each lineage was performed using parsimony in MESQUITE [51] and Bayesian methods using BAYESTRAITS (www.evolution.rdg.ac.uk) [52] . Each run in BAYESTRAITS included 1.3 million generations sampled every 1000 generations with 300 000 generations discarded as the burn-in. The reversible jump Markov chain option was used to average over models [53] . Effective sample size values of the likelihood score and model parameters were determined in CODA [54] ; graphically, we confirmed that log-likelihood scores had levelled off.
To evaluate if plant -host association is evolutionarily conserved, we compared Bayes factors (BFs) between runs on the observed posterior tree distribution as generated in BEAST (phylogenetic model) and on a distribution of star-shaped trees (non-phylogenetic model) [55] [56] [57] . The distribution of star-shaped trees was generated by setting the internal branch lengths to zero and tip branches equal to the distance between the root and tips of the tree for each tree in the posterior distribution. Catathelasma was not tested as it only has two available OTUs, and the phylogenetic and non-phylogenetic models are identical. For Cortinarius, the tree distributions were thinned to half the original sizes owing to computer memory constraints. The R package PHANGORN [58] was used to evaluate if ancestral host preference was randomly distributed among the tips of the trees of each lineage or evolutionarily conserved according to parsimony criteria. The observed parsimony score of each tree in the posterior distribution was compared with the parsimony score of 100 trait randomizations on that tree [59, 60] .
(d) Diversification and substitution rate differences between lineages The mean substitution rate and rate distribution between branches for each lineage were estimated simultaneously with the phylogeny in BEAST v. 1.4.8. Posterior distributions were summarized in TRACER v. 1.5. Diversification rates were estimated from node heights under the Yule model using Bayesian statistics in SUBT v. 1.0 [32] . Missing taxa (estimated number of taxa minus included taxa; table 1) were accounted for using 'substitute taxa' as described by Ryberg et al. [32] . A MCMC with 10 million generations, sampling every 10 000 generations, was implemented for every tenth tree of the posterior distribution as estimated in BEAST. The parameters for each lineage were averaged over the thinned posterior distribution of trees.
DIVBAYES v. 1.0 [32] was used to compare a model with equal diversification rates for all clades to models with different diversification rates using clade ages and number of species per clade. The number of species for each clade follows table 1, and a normally distributed prior estimated from the tree distribution in BEAST was used for clade stem ages. Eleven different models were tested (see electronic supplementary material). A MCMC chain with 100 million generations, sampled every 10 000 generations, was used to estimate the posterior distribution for each model. The different models were compared using BF as estimated from the harmonic means of the log-likelihood scores of the MCMC. A difference of more than two was taken as positive support for the model with highest BF [61] .
We also investigated differences in rates between lineages within a clade using the B1 statistic and the Colless statistic [62] , calculated using R, and by stepwise AIC in MEDUSA [63] as implemented in GEIGER [64] . MEDUSA was performed on the maximum clade credibility (MCC) tree and a difference in AIC of four was used as the cut-off for significance Table 1 . The estimated number of described species in each lineage and the number of included species/OTUs; the probability that the lineage originated during a specific geological epoch and period; the probability ( p) that the plant association is independent of the phylogeny averaged over the posterior tree distribution; and the BF support for the phylogenetic over the non-phylogenetic model as two times the difference in log BF (negative values indicate support for the non-phylogenetic model) are also shown. A difference in two times log BF greater than two is considered positive support. (the default). As we have no specific information on the position of 'substitute taxa' within each lineage, missing taxa were not assigned to tips of the MCC tree in this analysis. The probability of the B1 and Colless statistics observed for each tree in the posterior tree distribution was estimated from a null distribution generated by simulating 10 000 trees under full taxon sampling using the Yule model in GEIGER but where taxa had been randomly removed to match the observed number of taxa. The probability for the posterior distribution was calculated as the average probability of each tree.
(e) Analysing diversification through time We excluded Catathelasma from analyses on rate variation through time since only two OTUs were available for this lineage. Different models of diversification (table 2) were optimized for each tree in the posterior distribution as estimated in BEAST under the ML criterion using LASER [65] . A time period equal to the OTU cut-off value (see electronic supplementary material) divided by the mean substitution rate (table 3) was excluded from the tips of the tree to account for ambiguity in OTU delimitation. The difference in AIC between the model with the highest mean AIC value for the posterior tree distribution and the Yule model (the model with lowest number of parameters) was calculated for each tree in the posterior distribution. A null distribution of differences in AIC scores was calculated for the same two models on 10 000 trees simulated as above. The gamma statistic was calculated in LASER for all trees in the posterior distribution. The null distribution was estimated from 10 000 trees with incomplete taxon sampling simulated as above [31] .
RESULTS AND DISCUSSION
ECM lineages of Agaricales differ significantly in evolutionary rates and have crown group origins in at least two different geological epochs of the Mesozoic and Cenozoic (figure 1; trees including tip information are presented in the electronic supplementary material). In addition, we failed to detect any strong evidence of niche limitation on net rates of diversification. Our results suggest that at least two temporally separate crown group origins of ECM Agaricales occurred, one during the Late Cretaceous and one during the Eocene (p ¼ 0.004; table 1). Owing to uncertainties in clade age estimates, however, we cannot confidently conclude that ECM Agaricales diversified during more than two epochs. Stem ages provide less support for origins during two distinct epochs but do support origins during the Cretaceous and Palaeogene. It is only for Hygrophorus that a Jurassic stem origin cannot be rejected (p ¼ 0.19; electronic supplementary material). As the exact sister group is not known with confidence for many clades [21, 27, 28] , the stem ages here may be overestimated for several groups, which may also account for some of the higher variation in stem origins than crown origins. While it is clear that not all ECM lineages share a concentrated origin during the Palaeogene (p , 0.01), as predicted by the 'convergent radiation' hypothesis [30] , there is some support that all six ECM lineages of the Agaricoid clade, one of several major subgroups of Agaricales, radiated simultaneously during the Palaeogene (table 1) [21] .
The 'dual origin' hypothesis predicts that older lineages should be ancestrally associated with Pinaceae and younger lineages with angiosperms. A prerequisite to investigate this prediction using ancestral state reconstruction is that plant Table 2 . Gamma values for trees sampled in the posterior distribution and simulated null distribution, Akaike information criteria (AIC) for five models, and the difference between the model with the lowest AIC score and the Yule model (DAIC). A simulated null distribution for the difference between these two models is also given. All values are means with standard deviations in parentheses. association is dependent on evolutionary history [66] . Randomization tests and comparison of phylogenetic and non-phylogenetic models were used to investigate if fungal ECM plant association at the level of angiosperm, Pinaceae or generalist association is correlated with the phylogeny. The randomization test only supported that plant association is conserved in Cortinarius, Hygrophorus and Inocybaceae (table 1) . However, the comparisons of phylogenetic and non-phylogenetic models also show positive support (difference in 2 Â log BF . 2) for evolutionarily conserved plant associations in Amanita and Hebelomateae. Three of the five lineages where the plant association was not indicated as evolutionarily conserved have a very low variation in host association. All extant species of Catathelasma associate with Pinaceae; all Descolea and allies (Descomyces, Setchelliogaster, Timgrovea) associate with angiosperms; and only one of the included Phaeocollybia species is associated with angiosperms, while the rest associate with Pinaceae (indeed, most species of Phaeocollybia are Pinaceae associates [67] ). With no variation in plant association, the specific position in the tree of a taxon does not matter as they all have the same plant association. If only one taxon differs, the change will be restricted to one branch. This led to the same parsimony score regardless of the phylogenetic position of the taxon. It also produced little difference in likelihood between the phylogenetic and non-phylogenetic model. Nevertheless, the low variation in plant association observed in Phaeocollybia and Descolea is highly unlikely given the distribution of plant association over all groups (p , 0.01). Unknown aspects of their biology or constraints in dispersal in these groups may restrict their general plant association. The failure to reject independence of plant association from the phylogeny for Hydnangiaceae and Tricholoma may be owing to lack of power, and these results should be re-evaluated in light of denser taxon sampling. Our inferred clade ages of ECM Agaricales are younger than the Pinaceae and in most cases younger or comparable in age with ECM angiosperms [14, 68] , results inconsistent with the 'dual origin' hypothesis [29] . In the parsimony ancestral state reconstruction, Hygrophorus, which is relatively old (table 1) , is inferred to be associated with Pinaceae, the younger Cortinarius and Inocybaceae are inferred to be originally associated with angiosperms (electronic supplementary material), lending some support to the notion that older ECM lineages originated with Pinaceae. The Bayesian analyses neither support nor reject that older lineages are associated with Pinaceae, as we could not infer high probabilities for any particular plant association at the root (highest median PP is 0.65 for generalist association at the root for Hebelomateae). The reason that the original association cannot be confidently inferred in the model-based method is probably owing to the relatively high transformation rates between states. The inferred median transformation rates, for lineages where the plant association was inferred to be evolutionarily conserved, varied between 0.00 and 0.21 changes Myr
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, with the median highest rate between specific states varying between 0.01 and 0.21 changes Myr
. The large difference in transformation rates between groups and the fact that plant association is completely conserved in some groups suggest that there may be differences in how plant association is constrained in different fungal ECM lineages.
Diversification rates vary significantly between ECM fungal lineages, which indicate that lineage-specific factors are important to determine rates of diversification. When accounting for missing taxa using SUBT, Cortinarius and Hebelomateae exhibit the fastest net diversification rate (speciation rate-extinction rate), four times higher than the clade with the slowest rate, Catathelasma (p , 0.05; table 3). When comparing models that permit different diversification rates for different sets of lineages using the number of species and stem age for each lineage in DIVBAYES, a model implementing three different rate categories (1: Cortinarius, Hebelomateae and Inocybaceae; 2: Amanita, Descolea and allies, Hydnangiaceae, Phaeocollybia and Tricholoma; 3: Catathelasma and Hygrophorus) is best supported among tested alternatives. This rate-variable model receives strong support as a better fit than models with equal diversification rates for all lineages (difference in two times BFs (2 Â D log BF) . 6) and positive support as a better fit than any other tested model (2 Â D log BF . 2; electronic supplementary material).
Unfortunately, it is not clear which morphological, anatomical or molecular traits, if any, have promoted changes in diversification rates of ECM Agaricales. The six ECM lineages that are nested in the Agaricoid clade [21] are all among the seven lineages with the highest mean diversification rate estimate, the seventh being Amanita. All these seven lineages occur in clades characterized by a multinucleate basidiospore condition, whereas the other three clades (Hygrophorus, Catathelasma and Tricholoma) have predominantly uninucleate spores [67, 69, 70] . Heterokaryotic spores have been suggested to facilitate establishment of individuals after long-distance dispersal through self-fertilization [69, 71] , possibly facilitating the establishment of separate populations. However, most species of the Agaricoid clade and Amanita are probably homokaryotic [69] . It should be noted that the diversification rate of Tricholoma is not significantly lower than for Amanita and four of the lineages in the Agaricoid clade. It remains to be explored whether the entire Agaricoid clade is characterized by a high diversification rate, or if it is the combination with the ECM habit that results in high diversification rates. This is a topic worthy of further research.
We find that substitution rates vary considerably both among and within clades. The mean substitution rate at the ITS locus for six ECM lineages ranged between 1.4 and 5.8 substitutions per site per billion years, with non-overlapping 95% credibility intervals between extremes. These rates fall within the same range as previously estimated for this region in fungi [72, 73] . Nucleotide substitution rates of LSU are estimated between 0.32 and 2.6 substitutions per site per billion years, with non-overlapping 95% credibility intervals between the two with highest and the two with lowest rates (table 3) . The LSU rate of Takamatsu & Matsuda [72] lies between the lowest and highest rates in this study. Substitution rate variation between branches was similar for the 10 lineages, with a mean standard deviation for the lognormal distribution of the relaxed molecular clock ranging between 0.46 and 0.68; the 95% credibility intervals overlapped among all lineages. Generally, substitution rates may correlate with several life-history traits. In animals and plants, shorter generation times and herbaceous habit often yield faster substitution rates [74] . Life-history traits for ECM fungi are difficult to study as most of them cannot be actively cultivated.
We found no evidence for slowdowns in diversification rate in any of the ECM lineages, indicating that the diversification of ECM fungi has not been niche-limited. In contrast, rates of diversification seem to have been relatively constant through time. The mean gamma values from the posterior tree distributions were higher than the mean gamma values for simulated trees in six of nine lineages (Catathelasma excluded; see §2). The gamma values for the posterior tree distributions were not significantly lower than the simulated null distribution in any lineage taking into account incomplete taxon sampling (table 2). The slowdown model (DDL or logistic variant of the density-dependent speciation rate model) was not indicated as most suitable for any lineage. Rather, a model implementing separate diversification rates during three different periods (3-rate model) had the lowest average AIC [75] scores for eight of the nine lineages. The first rate was not supported as the highest for the majority of the trees in the posterior distribution for any of the eight lineages, and no general trend for shifts in diversification rates could be inferred. Furthermore, no lineage had higher support for the 3-rate model than what can be expected under random variation of a constant-rate model (table 2) . As a consequence, we find no significant support for variation in diversification rates of ECM Agaricales through time.
Measures of tree symmetry did not show significant variation in diversification rates within any of the nine lineages (Catathelasma excluded; see §2). However, there was a tendency towards asymmetric trees in the Inocybaceae using the B1 statistic (p ¼ 0.068) [62] . MEDUSA [63] indicated two rate changes in Cortinarius, and one rate change each in Hebelomateae and Phaeocollybia, with subclades having higher rates of diversification (see electronic supplementary material). The inferred increases in diversification rate of separate clades within Cortinarius, Hebelomateae and Phaeocollybia could bias against a slowdown in diversification rates in these taxa [76] .
The lack of evidence for evolutionary slowdowns suggests that transitions to the ECM habit did not promote rapid radiations into new niche spaces. This implies that fungal diversification is not niche-limited and may depend on allopatry or parapatry for speciation and coexistence [77, 78] . However, the radiation can still be adaptive, but far from filling all niches, and it is possible that a continuous diversification is facilitated by an expanding niche space enabled by cooling climate and expansion of ECM temperate forests after the Eocene thermal maximum. Density-dependent patterns may also be compromised by structured extinctions.
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